Unfolding the A2 Domain of Von Willebrand Factor with the Optical Trap  by Ying, Junyi et al.
Biophysical Journal Volume 98 April 2010 1685–1693 1685Unfolding the A2 Domain of Von Willebrand Factor with the Optical TrapJunyi Ying,† Yingchen Ling,† Lisa A. Westﬁeld,‡ J. Evan Sadler,‡§ and Jin-Yu Shao†*
†Department of Biomedical Engineering, ‡Department of Medicine, and §Department of Biochemistry and Molecular Biophysics, Washington
University, St. Louis, MissouriABSTRACT Von Willebrand factor (VWF) is a multimeric plasma glycoprotein involved in both hemostasis and thrombosis.
VWF conformational changes, especially unfolding of the A2 domain, may be required for efﬁcient enzymatic cleavage
in vivo. It has been shown that a single A2 domain unfolds at most probable unfolding forces of 7–14 pN at force loading rates
of 0.35–350 pN/s and A2 unfolding facilitates A2 cleavage in vitro. However, it remains unknown how much force is required to
unfold the A2 domain in the context of a VWF multimer where A2 may be stabilized by other domains like A1 and A3. With the
optical trap, we stretched VWFmultimers and a poly-protein (A1A2A3)3 that contains three repeats of the triplet A1A2A3 domains
at constant speeds of 2000 nm/s and 400 nm/s, respectively, which yielded corresponding average force loading rates of 90 and
22 pN/s. We found that VWF multimers became stiffer when they were stretched and extended by force. After force increased to
a certain level, sudden extensional jumps that signify domain unfolding were often observed. Histograms of the unfolding force
and the unfolded contour length showed two or three peaks that were integral multiples of ~21 pN and ~63 nm, respectively.
Stretching of (A1A2A3)3 yielded comparable distributions of unfolding force and unfolded contour length, showing that unfolding
of the A2 domain accounts for the behavior of VWF multimers under tension. These results show that the A2 domain can be
indeed unfolded in the presence of A1, A3, and other domains. Compared with the value in the literature, the larger most probable
unfolding force measured in this study suggests that the A2 domain is mechanically stabilized by A1 or A3 although variations in
experimental setups and conditions may complicate this interpretation.INTRODUCTIONVon Willebrand factor (VWF), synthesized by megakaryo-
cytes and endothelial cells, is a multimeric plasma glycopro-
tein that is involved in both hemostasis and thrombosis.
A mature VWF subunit has a molecular weight of ~250 kDa
and it is composed of D0-D3-A1-A2-A3-D4-B1-B2-B3-
C1-C2-CK domains in series. Through cysteine residues in
the D0D3 and CK domains, VWF subunits are disulfide-
linked into multimers with molecular weights of 500 kD
to >20,000 kD (1).
At sites of vascular injury, VWF binds to exposed constit-
uents of subendothelial matrices and subsequently recruits
circulating platelets to arrest bleeding. The adhesive activity
of VWF is closely correlated with its multimer size, with
unusually large VWF derived from endothelial Weibel-
Palade bodies being the most active form. However, excess
unusually large VWF is not normally found in blood circula-
tion due to the cleavage of the Tyr1605-Met1606 bond in the A2
domain by ADAMTS13, a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member 13. Severe
deficiency of ADAMTS13 activity may cause thrombotic
thrombocytopenic purpura, a life-threatening hematological
disease associated with extensive platelet- and VWF-rich
thrombus formation. On the other hand, mutation in the A2
domain may increase the susceptibility of VWF to cleavageSubmitted August 3, 2009, and accepted for publication December 30, 2009.
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0006-3495/10/04/1685/9 $2.00and lead to von Willebrand Disease (VWD) type 2A, which
is characterized by selective depletion of large VWF multi-
mers. Patients with the disease experience bleeding due to
defective platelet adhesion. Therefore, VWF cleavage has to
be tightly regulated for its normal function.
Because chaotropic agents (2,3) or shear flow (4,5) can
facilitate VWF cleavage by ADAMTS13 in vitro, conforma-
tional change has been suggested to play an important role
in regulating VWF cleavage in vivo. Previous studies (6,7)
have shown that VWF in solution transitions from a loosely
coiled conformation to an extended one when subjected to
high shear stress. This conformational change in VWF may
increase the number of accessible adhesive sites for binding
to platelet GPIba or collagen in subendothelial matrices.
Binding ofVWF toGPIbamay, in turn, alleviate an inhibitory
effect ofA1 on the cleavage ofA2 (8). Binding to platelets (9),
endothelial cells (10,11), or subendothelial collagen (12) may
also increase the pulling force exerted on VWF, leading to
unfolding of the A2 domain that renders the otherwise
cryptic cleavage site accessible to ADAMTS13, which is
consistent with the crystal structure of the A2 domain (13)
and demonstrated directly by stretching single recombinant
A2 domains with the optical trap (OT) (14).
Although it is clear that unfolding of the A2 domain is
critical to efficient VWF cleavage by ADAMTS13 and it is
known that tensile forces of 7–14 pN can unfold a single A2
domain at force loading rates of 0.35–350 pN/s (14), it
remains unknown how much force is required to unfold the
A2 domain in the context of a VWF multimer where A2
may be stabilized by other domains like A1 (8). In this study,doi: 10.1016/j.bpj.2009.12.4324
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nant poly-protein, (A1A2A3)3, with the OT to examine force-
induced VWF extension and A2 domain unfolding.MATERIALS AND METHODS
VWF multimer
Purified human plasma-derived VWF was purchased from Haemotologic
Technologies (Essex Junction, VT) and reconstituted to 0.1 mg/mL in PBS
and stored at 20C until use. VWF at final concentrations of 20 mg/mL
or less was coated on latex beads using the method described in Bead
Preparation.
Plasmid construct of (A1A2A3)3
The plasmid encoding three tandem repeats of the A1A2A3 domains was
constructed in a cassette fashion (15). All repeats were derived from the
plasmid pENTR-A1A2A3 (8) and assembled in the expression vector
pcDNA4/TO (Invitrogen, Carlsbad, CA) using restriction enzymes AflII,
BamHI, EcoRI, and XbaI (New England BioLabs, Beverly, MA), which do
not cleave the DNA sequences encoding the VWF signal peptide (SP) or
A1A2A3 domains. Mutagenesis was carried out with the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA). PCR products and
DNA fragments were purified with QIAquick gel extraction kit (QIAGEN,
Valencia, CA). The contents of all constructs were confirmed by DNA
sequencing.
For the first repeat (R1), theDNAsequence encoding theN-terminal c-Myc
tag (EQKLISEEDL) of pENTR-A1A2A3 was replaced with a Flag tag
(DYKDDDDK) using primer 1 (50-gaccctttgtgactacaaggacgacgacgacaaggag
gacatctcgg-30), and an AflII site was added in front of the SP with primer 2
(50-gcacttaagggaatgattcctgccagatttgccggggtgctg-30). BamHI and XbaI sites
were added after the A3 domain with primer 3 (50-tgctctagatgcggatcctccagag
cacagtttgtggaggaaggaatt-30). The product (AflII-SP-Flag-A1A2A3-BamHI-
XbaI) was purified, digested with AflII and XbaI, and ligated between AflII
and XbaI sites of pcDNA4/TO to yield plasmid pR1.
For the second repeat (R2), a BamHI site was added in front of the A1
domain of pENTR-A1A2A3with primer 4 (50-gcaggatccgaggacatctcggaaccg
ccgttgcacgat-30). EcoRI and XbaI sites were then added after the A3 domain
with primer 5 (50-tgctctagatgcgaattctccagagcacagtttgtggaggaaggaatt-30). The
product (BamHI-A1A2A3-EcoRI-XbaI) was digested with BamHI and XbaI,
and ligated into pR1 to obtain plasmid pR1R2.
The third repeat (R3) was constructed by adding an EcoRI site in front of
the A1 domain and an XbaI site after the Avi tag of pENTR-A1A2A3 using
primer 6 (50-gcagaattcgaggacatctcggaaccgccgttgcacgat-30) and primer 7
(50-tgctctagattattcgtgccattcgattttctgagcctcgaagat-30). The product (EcoRI-
A1A2A3-His-Avi-XbaI) was digested with EcoRI and XbaI, and inserted
between the corresponding sites of pR1R2 to yield pR1R2R3, which
encodes the VWF SP (Met1-Cys22)-DYKDDDDK-A1A2A3 (Glu1260-
Gly1874)-GS-A1A2A3-EF-A1A2A3-VAAAHHHHHHKLPAGGGLNDI-
FEAQKIEWHE (His-tag and Avi-tag sequences are underlined).
Poly-protein (A1A2A3)3
The T-REx-293 cell line (Invitrogen) was transfected with pR1R2R3 using
Lipofectamine transfection reagents (Invitrogen). The stably-transfected cell
line was maintained in Dulbecco’s modified Eagle’s medium containing
10% tetracycline-approved fetal bovine serum (Invitrogen or Clontech,
Mountain View, CA), 250 mg/mL zeocin, 5 mg/mL blasticidin, 2 mM gluta-
mine. (A1A2A3)3 expression was induced by 2 mg/mL tetracycline in Free-
Style 293 medium (Invitrogen) in roller bottles or 2-stack CellSTACK
chambers (Corning, Lowell, MA). The media were centrifuged and filtered
to remove cell debris, then mixed with 144 mM phenylmethylsulfonyl fluo-
ride and stored at 20C until purification. The expression of (A1A2A3)3
was checked by reducing SDS-PAGE gel electrophoresis followed withBiophysical Journal 98(8) 1685–1693Western blotting and enhanced chemiluminescence (ECL) (GE Healthcare,
Piscataway, NJ) detection using horseradish-peroxidase (HRP)-conjugated
anti-Flag antibody (Sigma, St. Louis, MO).
(A1A2A3)3 purification was done at 4
C. Pooled media (~1 L) were
concentrated to ~50 ml by ultrafiltration over YM30 membranes (Millipore,
Billerica, MA) and dialyzed against 25 mM HEPES, pH 7.4, 150 mM NaCl.
Dialyzed media were applied onto a column of Ni2þ-nitrilotriacetic acid-
agarose (QIAGEN). The column was washed with 25 mM HEPES, pH 7.4,
150 mM NaCl, 5 mM imidazole and proteins were eluted with 150 mM
imidazole in the same buffer. Fractions containing (A1A2A3)3 were dia-
lyzed against 20 mM Tris/HCl, pH 7.4, and adsorbed onto a HiTrap Q HP
ion exchange column (GE Healthcare). The column was washed with
20 mM Tris/HCl, pH 7.4 and proteins were eluted with a linear gradient
of 0–1 M NaCl in 20 mM Tris/HCl, pH 7.4. The proteins were further
concentrated and dialyzed into 20 mM Tris/HCl, pH 7.4, 150 mM NaCl.
Coomassie blue staining was used to check the purity of the eluted proteins.
The protein concentration was estimated with a BCA protein assay kit
(Pierce, Rockford, IL) and checked with Coomassie blue stain compared
with a similar-sized protein of known concentration. Possible protein aggre-
gates and impurities were further checked using TSKGel gel filtration
column (Sigma) andWestern blotting. The folding of the A2 domain in puri-
fied (A1A2A3)3 was assessed by the ADAMTS13 cleavage assay (16) and
Western blotting of the resulting fragments using HRP-conjugated anti-Flag
antibody or rabbit anti-human VWF (DAKO, Carpinteria, CA) under
reducing and nonreducing conditions. Purified (A1A2A3)3 was biotinylated
with the Avi tag by Bir-A biotinylase in vitro (Avidity, Aurora, CO).
Bead preparation
Latex beads of various sizes coated with protein A, polyclonal goat-anti-
mouse antibody, or streptavidin (Sigma or Bangs Laboratories, Fishers, IN)
were washed twice in PBS without Ca2þ and Mg2þ (Cambrex BioSciences,
Walkersville, MD) containing 0.1% or 1% (w/v) bovine serum albumin
(BSA) (Fisher Scientific, Pittsburgh, PA) and incubated at 37C or room
temperature for 1–2 h with monoclonal mouse-anti-human VWF SpII
(1366-2050) antibody (American Diagnostica, Stamford, CT), monoclonal
mouse-anti-human VWF D3A1 antibody (Green Mountain Antibodies, Bur-
lington, VT), monoclonal mouse-anti-Flag antibody (Sigma), monoclonal
mouse anti-tetra-His antibody (QIAGEN), or (A1A2A3)3. Different amounts
ofmouse IgG1, k (Sigma)were added to the incubation to control the frequen-
cies of specific adhesion. All the beads were stored at 4C and washed twice
with 0.1% or 1%BSA/PBS immediately before use. PlasmaVWFwas coated
on anti-SpII-coated protein-A beads in 50–100 mL 0.1% or 1% BSA/PBS
before each experiment. Similarly, biotinylated (A1A2A3)3 was immobilized
on anti-tetra-His-coated (tH) or streptavidin-coated (sA) beads.
Experimental setup and procedure
Our OT setup was described in detail elsewhere (17). With the laser power at
1.8 W, the trap stiffness was calibrated to be ~0.077 pN/nm with the viscous
drag method (17) at room temperature in 1% BSA/PBS, using beads with
a radius of 2.235 0.11 mm. With the laser power at 0.22 W, the calibration
was done with both the viscous drag method and the power spectrum
method, yielding similar trap stiffness. The forces measured with the OT
were also compared with the forces measured with the micropipette aspira-
tion technique in another experiment, showing excellent agreement (18).
All experiments were done at room temperature in 1% BSA/PBS
(pH: ~7). A VWF-multimer- or (A1A2A3)3-coated bead (referred to as
the VWF bead) was selected and held by a micropipette. An antibody-coated
bead (referred to as the force-transducer bead, which was smaller than the
VWF bead) was trapped by the OT at 1.8 W and lifted 6 mm away from
the bottom surface of the experimental chamber. Once the two beads were
vertically brought into the same focal plane and horizontally aligned, a piezo-
electric stage was used to drive the micropipette-held VWF bead to and from
the trapped force-transducer bead repeatedly. A sequence of video micro-
graphs captured during one experiment using VWF multimers is shown in
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Material). First, the VWF bead approached and slightly pressed the force-
transducer bead at a constant speed (e.g., 2500 nm/s) (Fig. 1 a). After a short
pause of ~0.2 s (Fig. 1 b), the VWF bead was retracted from the force-trans-
ducer bead at another constant speed (e.g., 2000 nm/s) (Fig. 1 c). The force-FIGURE 1 Stretching VWF with the OT. A sequence of video micro-
graphs showing: (a) the bead coated with VWF multimers approached the
force-transducer bead in the optical trap until they contacted each other;
(b) the two beads remained in contact for 0.2 s; (c) the VWF bead was
moving to the right at a constant speed of 2000 nm/s and the adhesion
between the two beads caused the force-transducer bead to deflect from
the trap center; and (d) the force-transducer bead returned to the trap center
after the adhesion was ruptured. The arrows show the moving direction of
the micropipette-held VWF bead.transducer bead would be pulled away from the trap center if adhesion
occurred between the two beads. The optical gradient force was assumed
to balance the pulling force instantaneously at each incremental displace-
ment, given that the pulling velocity was small enough. If VWF or
(A1A2A3)3 was extended, a relatively constant gap between the two beads
might be visible (Fig. 1 c). Once adhesion between the two beads was
ruptured, the force-transducer bead would return to the trap center (Fig. 1 d).
The same cyclic motion was repeated many times for each bead pair. Not
every contact between the two beads resulted in adhesion. The number of
adhesion events divided by the total number of contacts is defined as the
adhesion frequency.Data analysis
Experiments were recorded at 100 or 200 frames/s using a digital camera
(Vision Research, Wayne, NJ). The stored images were processed by Nano-
Track in MATLAB to extract the time-position data of the force-transducer
bead. The data were imported into KaleidaGraph (Synergy Software,
Reading, PA) for further analysis. Because the viscous drag force was negli-
gible under current experimental conditions, the force exerted on the force-
transducer bead was directly obtained by multiplying the deflection of the
force-transducer bead from the trap center and the trap stiffness at each
time point. The VWF extension was obtained by subtracting the displace-
ment of the force-transducer bead from that of the VWF bead. Because
the instant at which the force-transducer bead started to move out of the
trap center can be determined accurately, the displacement of the VWF
bead can be calculated by multiplying the time by the pulling speed. The
force-extension curves were plotted in Excel and the unfolded contour
lengths with the corresponding unfolding forces were collected. Due to
thermal fluctuation and movement of force-transducer beads under constant
pulling speeds of 2000 nm/s and 400 nm/s tracked respectively at 200 and
100 frames/s, only extensional jumps >30 nm for plasma VWF and 15 nm
for (A1A2A3)3 were categorized as unfolding events. Histograms of unfold-
ing force and unfolded contour length, as well as their Gaussian fits, were
generated in KaleidaGraph.RESULTS
VWF multimer extension
Using the OT, we first pulled VWF multimers immobilized
on anti-SpII-coated beads with anti-D3A1-coated beads as
the force transducer. The adhesion frequencies in these
experiments were from 30% to 40%, so double or multiple
bonds in addition to single ones were observed between the
two beads. The anti-SpII antibody concentration on the VWF
bead was reduced to such a low level that only a few binding
sites on one VWF multimer were bound to the bead surface.
This helped prevent spontaneous VWF spreading on the
bead surface due to its multiple antibody-binding sites. The
adhesion specificity was examined by three control experi-
ments: i), no force-extension curves were obtained from
beads without VWF coating; ii), beads coated with general
type mouse IgG1 interacted weakly with VWF-coated beads
and adhesive events of VWF extension were rare; and iii),
adhesion between two beads coated with general type mouse
IgG1 was rarely observed.
A total of 78 pulling curves were obtained with 14 different
pairs of beads. In all cases, as the pulling force increased,
VWF exhibited increased stiffness as shown by the increasing
slope of the force-extension curve (Fig. 2; other observedBiophysical Journal 98(8) 1685–1693
FIGURE 2 Typical force-extension curves of stretching VWF multimers.
Three domains were likely unfolded sequentially at a force of ~20 pN.
FIGURE 3 Histograms of (A) unfolding force and (B) unfolded contour
length obtained from stretching VWF multimers. The solid curves show
the Gaussian fits of the histograms.
1688 Ying et al.force-extension curves are shown in Fig. S2). In most cases,
sudden jumps of VWF extension accompanied by a slight
decrease in forcewere observed. The relatively small decrease
in force reflects the softer stiffness of the OT, and contrasts
with the much larger force decrease observed in protein
unfolding experiments conducted with the atomic force
microscope where the cantilever is typically much stiffer.
In most force-extension curves, the lengths of the exten-
sional jumps could not be accurately determined by fitting
the curves before and after these jumps with known models
such as the worm-like chain (WLC) model, the freely-jointed
chain (FJC) model or their variants. Therefore, the lengths
of these jumps were calculated based on the differences
between the average VWF extensions immediately before
and after the jumps. In Fig. 2, as the pulling force increased
to ~20 pN, the VWF was extended to ~850-nm long and
three domains were unfolded successively with short pauses
in between. The total unfolded contour length was ~240 nm
(95 nm, 70 nm, and 80 nm, respectively, for the three
unfolded domains). This likely indicates that only one VWF
multimer was stretched and the A1 domain picked up by the
anti-D3A1-coated force-transducer bead was close to the free
end of the multimer. Consequently, the force was equally
exerted on all the monomers being pulled. Once the force
reached ~20 pN, a specific domain in one monomer was
unfolded first, then two more domains were unfolded in
two other monomers (probably the same domain as in the
first extensional jump). As we will show later, this domain
is very likely the A2 domain of VWF, which is known to
be a soft domain because it lacks the stabilizing disulfide
bonds found in the A1 and A3 domains.
Unfolding force and unfolded contour length
From analyzing all the pulling curves, a total of 121 unfolding
forces (0–50 pN) and 157 extensional jumps (30–200 nm)
were collected. We compiled all the unfolding forces and
the unfolded contour lengths in two histograms shown inBiophysical Journal 98(8) 1685–1693Fig. 3, A and B. The bin sizes were ~3.5 pN for force and
13 nm for length. Both the unfolding force and the unfolded
contour length showed peaks composed of integer multiples
of one value with decreasing occurring frequencies, which
suggest unfolding of single domains in parallel and simulta-
neous failure of identical domains in series, respectively.
Apparent peaks at ~60 pN and ~210 nm were not shown in
Fig. 3 and they were omitted for data analysis due to insuffi-
cient data for three-Gaussian fits. The two-Gaussian fit of the
force histogram gave peak unfolding forces of 22.85 5.7 pN
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length histogram yielded peak unfolded contour lengths of
605 17 nm and 1325 15 nm. The most probable unfolding
force and unfolded contour length obtained by averaging
the peak values were (22.8 þ 40/2)/2 ¼ 21.4 pN and (60 þ
132/2)/2 ¼ 63 nm. The bond-rupture forces between VWF
and the beads were mostly found in the range of 50–110 pN,
significantly higher than the domain unfolding forces. An
estimated loading rate of 90 pN/s was obtained by dividing
the bond-rupture force (usually the peak force) by the corre-
sponding loading time. Due to nonlinearity of VWFmultimer
extension as indicated in Fig. 2, the actual force loading rate
just before any unfolding event was likely to be <90 pN/s.
The most probable unfolded contour length of ~63 nm
suggests that the A2 domain of VWF was unfolded in the
events shown in Fig. 2. The A2 domain consists of 193
amino acids (from residue 1480 to 1672). The average
contribution from one amino acid to the overall unfolded
contour length is estimated between 0.34 and 0.38 nm
(19–24), so the contour length of the fully unfolded A2
domain would be 65.6 to 73.3 nm. This estimated range is
similar to the most probable unfolded contour length of
63 nm found in our study. Therefore, these data strongly
suggest that, when one VWF multimer is stretched at a speed
of 2000 nm/s (equivalent to an average force loading rate of
~90 pN/s), the A2 domain will be unfolded first at a most
probable unfolding force of ~21 pN. As we will show below,
our data obtained with poly-protein (A1A2A3)3 strongly
support this interpretation.
Poly-protein (A1A2A3)3
To confine force-induced unfolding to only the A2 domain,
we constructed plasmid pR1R2R3 to express a poly-protein,
(A1A2A3)3, which includes three identical repeats of the
domains A1, A2, and A3 (Fig. 4 A). The structure of
pR1R2R3 was verified by DNA sequencing and restriction
enzyme mapping (Fig. 4 B). The pcDNA4/TO vector size
is ~5 kb and each individual A1A2A3 DNA repeat is ~2 kb,and successive digestions with EcoRI, XbaI, AflII and
BamHI confirm the size and orientation of restriction frag-
ments expected for the construct. Western blotting with
HRP-conjugated anti-Flag antibody (Fig. 4 C) showed that
the majority of (A1A2A3)3 secreted by transfected 293 cells
had the expected size (~210 kDa). The two minor bands
with smaller molecular weights might be due to limited
proteolysis. After chromatography on Ni-NTA and HiTrap
Q columns, Coomassie blue staining (Fig. 4 D) showed
that the purified protein contained only traces of smaller
species that were not detected by Western blotting with
anti-Flag antibody (data not shown) and therefore are not
expected to interfere with pulling experiments where
(A1A2A3)3 were specifically bound through a Flag tag.
On gel filtration chromatography, the purified protein eluted
as a single included peak with no detectable high molecular
weight aggregates (data not shown). The A2 domains in
(A1A2A3)3 were not cleaved by ADAMTS13 without
pretreatment with guanidine HCl, as shown by Western
blotting (data not shown).
(A1A2A3)3 extension under force
We stretched single (A1A2A3)3 molecules with the OT at
a constant pulling speed of 400 nm/s. (A1A2A3)3 was
immobilized on either tH beads or sA beads. An anti-Flag-
coated bead was used as the force transducer. The apparent
force loading rate was ~22 pN/s. Two typical force-extension
curves of (A1A2A3)3 are shown in Fig. 5 (other observed
force-extension curves are shown in Fig. S3). In contrast to
VWF multimers, the shorter length of (A1A2A3)3 and the
lack of other domains of VWF imparted much higher stiff-
ness to (A1A2A3)3, as indicated by the sharp rise in force
before the extensional jump. In Fig. 5 A, one domain with
an extensional jump of 66 nm was observed at ~20 pN. In
Fig. 5 B, three domains with extensional jumps of 55 nm,
58 nm and 68 nm were seen at forces of ~20 pN.
We analyzed 427 unfolding cases, of which 197 cases
were from (A1A2A3)3 coated on tH beads and 230 casesFIGURE 4 Construction, expression, and purification of
poly-protein (A1A2A3)3. (A) Schematic of the constructed
plasmid of (A1A2A3)3. The locations of the restriction
enzymes and their corresponding sequences and residues
are also shown. The spacer sequence preceding the His-
tag is omitted. (B) Restriction enzyme mapping of the
(A1A2A3)3 plasmid pR1R2R3 (~11 kb). Lanes 1,8: DNA
size standard; Lane 2: uncut plasmid; Lane 3: EcoRI
digestion; Lane 4: phenol-chloroform extraction; Lane 5:
EcoRI þ XbaI digestion; Lane 6: EcoRI þ XbaI þ AflII
digestion; Lane 7: EcoRI þ XbaI þ AflII þ BamHI diges-
tion. (C) Western blot of expressed (A1A2A3)3 from stable
transfection. (A1A2A3)3 was detected with HRP-conju-
gated anti-Flag antibody. Lane 1: (A1A2A3)3; Lane 2:
protein size standard. (D) Coomassie blue staining of
(A1A2A3)3 after chromatography on Ni-NTA agarose and
HiTrapQHP columns. Lane 1: (A1A2A3)3; Lane 2: protein
size standard.
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FIGURE 5 Typical force-extension curves of stretching (A1A2A3)3. (A)
One A2 domain was unfolded at a force of ~20 pN. (B) Three A2 domains
were unfolded consecutively at forces of ~20 pN.
FIGURE 6 Histograms of (A) unfolding force, and (B) individual
unfolded contour length during each pulling event of (A1A2A3)3. The
Gaussian fits are shown as solid curves.
1690 Ying et al.were from (A1A2A3)3 coated on sA beads. The two coating
schemes resulted in essentially identical histograms of un-
folding force and unfolded contour length. Therefore, we
combined the data from the two coating schemes and
compiled all the unfolding forces and the individual unfolded
contour lengths into two histograms in Fig. 6, A and B. From
a Gaussian fit to the force histogram, the most probable
unfolding force was found to be 23.1 5 8.9 pN. Fig. 6 A
also shows that, during most unfolding events, only one
(A1A2A3)3 was pulled because forces centered around 23
pN, likely the result of the low adhesion frequency in these
experiments. However, double or multiple bonds still
occurred occasionally, resulting in a few higher unfolding
forces shown at the tail of the Gaussian fit in Fig. 6 A. There-
fore, the most probable unfolding force of ~23 pN might be
slightly overestimated because all the points were used in the
Gaussian fit of the data in Fig. 6 A.Biophysical Journal 98(8) 1685–1693The most probable unfolded contour length was obtained
with a two-Gaussian fit in Fig. 6 B where there are only two
peaks at 52 5 22 nm and 122 5 20 nm, indicating that
simultaneous unfolding of three A2 domains in (A1A2A3)3
was rare in our experiments. The most probable unfolded
contour length is (52 þ 122/2)/2 z 57 nm. Because
(A1A2A3)3 was stretched at its two ends, the total unfolded
contour length of one (A1A2A3)3 molecule should amount
to ~200 nm if all the A2 domains were unfolded under tension
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Therefore, we summed the individual unfolded contour
lengths during each pull of the poly-protein and plotted the
total unfolded contour length in each pull (265 in all) in a histo-
gram with a bin size of 10 nm (see Fig. S4). Of the 265 cases
from 96 bead pairs, there were 123 cases from tH beads and
142 cases from sA beads. The appearance of a third peak at
~180 nm indicates that during each poly-protein pull, up to
three A2 domains can indeed be unfolded sequentially. The
most probable unfolded contour length is (70 þ 128/2 þ
184/3)/3 z 65 nm, in excellent agreement with our VWF
multimer results.DISCUSSION
VWF is stabilized structurally by many disulfide bonds
between cysteine residues, which comprise 169 out of 2050
residues in a monomer (8.2%). Disulfide bonds, which are
strong covalent bonds that normally require forces of a few
hundred piconewtons for breakage (25), are involved in
both VWF multimerization and extensive intramonomer
linkage (1,26). Multiple intramonomer disulfide bonds are
presumably required for maintaining the structural integrity
and biological function ofVWF in rapid bloodflow.Although
not all the disulfide bonds have been characterized, known
inter- and intramonomer disulfide bonds are likely to restrict
extensions of the D0D3 and CK domains (27,28). Multiple
intramonomer disulfide bonds are also present in the D4,
B1, B2, B3, C1, and C2 domains (26). The A1 and A3
domains are comprised of 185-residue loops delimited by
intrachain disulfide bonds between Cys1272 and Cys1458,
and between Cys1686 and Cys1872, respectively (29). Conse-
quently, the A1 and A3 domains should be much more resis-
tant to stretching than the A2 domain and contribute little to
VWF extension under physiological shear forces.
In contrast, the A2 domain with ~190 residues is not
restricted by disulfide bonds despite a paired disulfide bond
Cys1669-Cys1670 at its end (29). Given an estimated average
length of ~0.36 nm for a single amino acid, the A2 domain
should have a completely unfolded contour length of
~70 nm, which is comparable to our measured most probable
unfolded contour length of ~63 nm for VWF multimers.
Therefore, the extensional jumps observed in our VWF mul-
timer experiments probably represent A2 domain unfolding,
and suggest that unfolding occurs in an all-or-none fashion
under force. This assumption is supported by at least two
studies: i), thermodynamic investigation of urea-induced A2
unfolding suggested that the A2 domain may unfold in a
two-state manner (30); and ii), a recent study with single re-
combinant A2 domains showed that ~80% of the unfolding
events followed a two-state model (14). Stretching VWF
multimers yielded integral multiples of a most probable un-
folding force of ~21 pN. These integral multiples likely indi-
cate unfolding of identical domains (likely the A2) in parallel
rather than unfolding of distinct VWF domains with differentforces because i), the most probable unfolded contour length
was consistently measured to be ~63 nm; and ii), we observed
the unfolding forces centered around the most probable un-
folding force (~21 pN) or its integral multiples but not
around both during each stretch in ~70% of all the stretches.
Previous studies with electron microscopy suggest that
VWF is composed of repeating monomers from 50- to
60-nm long (31). Coincidentally, this length is similar to the
unfolded contour length of the A2 domain. Therefore, one
may suggest that our observed extensional jumps may repre-
sent VWF peeling off from the bead surface rather than A2
domain unfolding. However, this is highly unlikely because
i), we observed similar extensional jumps (~65 nm) and
unfolding forces (~23 pN) under comparable force loading
conditions in our experiments with (A1A2A3)3; and ii), we
obtained similar results when VWF multimers were coated
differently on bead surfaces. For example, when we immobi-
lizedVWF directly on protein-A- or anti-D3A1-coated beads,
we obtained unfolding forces and unfolded contour lengths
(data not shown) similar to those in Fig. 3. In addition, due
to the head-to-head/tail-to-tail arrangement of VWF multi-
mers, integral multiples of 100–120 nm should have been
observed inmost cases if those extensional jumpswere caused
by VWF peeling-off.
Our construct data yielded similar most probable unfold-
ing force (~23 pN) and most probable unfolded contour
length (~65 nm) compared to those obtained from VWF
multimers under comparable loading rates. Forced unfolding
of the A2 domain in (A1A2A3)3 should be the only source
for the observed extensional jump shown in Fig. 5 because
the disulfide-looped A1 and A3 domains were unlikely to
unfold under such small forces. The total unfolded contour
length in each pulling event further revealed that up to
three A2 domains could be sequentially unfolded. We also
observed a shift of the first peak in the histogram of indi-
vidual unfolded contour length from ~52 nm to ~70 nm on
summation of all the extensional jumps during each pulling
event. This could be due to the existence of partially
unfolded A2 domains during each pulling as found previ-
ously (14).
The excellent agreement between the construct data and
the multimer data suggests that a single A2 domain within
a VWF molecule was most likely unfolded at ~20 pN with
a most probable unfolded contour length of ~60 nm. Many
other proteins of similar sizes have similar unfolding forces.
For example, ribonuclease H (RNase H, ~160 aa) (32) and
maltose binding protein (MBP, ~370 aa) (33) were totally
unfolded using the OT at ~19 pN and ~25 pN at force
loading rates of the order of 10 pN/s. A recent study of single
A2 domains found that unfolding occurred with most prob-
able unfolding forces of 7–14 pN at force loading rates of
0.35–350 pN/s (14). Using comparable force loading rates,
we observed unfolding of VWF multimers and (A1A2A3)3
at larger most probable unfolding forces. The difference
may be attributed to: i), stabilization of the A2 domain byBiophysical Journal 98(8) 1685–1693
1692 Ying et al.adjacent A1 and A3 domains (8,34,35); ii), effect of different
linkers used in the recombinant proteins on the most prob-
able unfolding force (36); and iii), different experimental
setups and conditions (e.g., the buffer, the presence or
absence of a DNA linker, and variations in protein expres-
sion, purification, and immobilization). In comparison, we
applied a similar method to that used by Zhang et al. (14)
to estimate the contour length and the persistent length of
A2 from our poly-protein data. We found an average contour
length of 72 nm and an average persistent length of 0.6 nm
with errors of 8 and 0.2 nm, respectively, comparable to
58 nm and 1.1 nm obtained by Zhang et al. (14).
Recent studies (37,38) have shown that the force histo-
gram in Fig. 6 A can be described by
n ¼ NDF
_Ft0
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1 nFx
z
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1n
n
e
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kBT
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1

1nFxzDG
1
n

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
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
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kBT

1

1nFxzDG
1
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		
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(1)
where n is the count of the unfolding force in each force
interval DF, N is the total number of unfolding forces, t0
is the unstressed intrinsic lifetime, F is the pulling force,
_F is the force loading rate, DG is the free energy of activa-
tion, n is a scaling factor corresponding to the underlying
free energy profile, and xz is the distance from the free
energy minimum to the barrier. Equation 1 can be readily
converted to the equation that describes the dependence of
the protein unfolding lifetime on the pulling force. Using
n ¼ 1/2, which represents a harmonic well with a cusp-like
barrier, we obtained the following parameters for the unfold-
ing of VWF A2 domain in (A1A2A3)3 by an increasing
pulling force: t0 ¼ 45 5 23 s, xz ¼ 1.46 5 0.22 nm, and
DG ¼ 7.1 5 0.4 kBT (the fitted parameters for n ¼ 2/3
and n ¼ 1 can be found in the Supporting Material). Zhang
et al. (14) found t0 to be ~1400 s using the Bell model, so
the value of 45 s for t0 may be underestimated. Because
underestimation was also obtained from analyzing the
unfolding of ubiquitin by this approach. The DG value is
much smaller than that obtained from stretching ubiquitin
and the immunoglobulin-like domain 4 of filamin (38,39).
It should be pointed out that this DG is different from what
was obtained by Zhang et al. (14) (~6.6 kBT) or by dena-
turing A2 chemically (~5.9 kBT) (30), in that ours is the acti-
vation energy from the folded state to the transition state
whereas theirs are the energy differences between the folded
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